State and local governments are required by law to provide and maintain accessibility on 9 their pedestrian facilities. They need to conduct, document, and update self-evaluations to 10 identify non-compliant pedestrian facilities. This paper presents the development of a novel 11 model for analysing the compliance of pedestrian facilities with accessibility requirements. The 12 model provides original and unique capabilities that enable decision makers to: (1) quantify the 13 degree of non-compliance of all types of pedestrian facilities including transit stops, on-street 14 parking, and passenger loading zones; (2) estimate cost and labour-hours needed to achieve 15 compliance; (3) prioritize upgrade projects for pedestrian facility types; (4) rank pedestrian 16 facilities upgrade projects in multiple geographical regions based on their collective degree of 17 non-compliance; and (5) classify pedestrian facilities based on the type of required upgrade. A 18 case study that includes 1327 pedestrian facilities is analysed to evaluate the performance of the 19 developed model and illustrate its capabilities. 20
Disabilities Act (ADA) in 1990 (42 U.S.C. § 12101 et seq., 1990). These federal laws require 31 public agencies to provide accessibility to people with disabilities on their sidewalks and 32 pedestrian facilities (Anderson et al. 1995) . 33
The inability of a number of public agencies to comply with the aforementioned 34 accessibility laws has resulted in costly settlements in recent years, including $1. settlements highlight the pressing need for compliance with the latest state and federal 39 accessibility laws and regulations in order to provide and maintain accessibility for people with 40 disabilities on sidewalks and pedestrian facilities and avoid costly non-compliance penalties. 41
To achieve compliance with federal accessibility laws, state and local governments need 42 to perform a Self-Evaluation process to assess their policies, practices, and structures in order to 43 identify any barriers that deny or limit the participation of individuals with disabilities in their 44 programs, services, or activities (U.S. Department of Justice 1994). This self-evaluation process 45 must identify non-compliant sidewalks and pedestrian facilities ("Barden v. Sacramento" 2002) 46
and its results must be documented, kept on record, and updated regularly (U.S. Department of 47
Justice 1994). 48

D r a f t
To perform the aforementioned self-evaluation process, state and local governments are 49 required to measure and record the conditions, dimensions, and geometry of existing sidewalks 50 and pedestrian facilities and evaluate their compliance with accessibility requirements (U.S. 51
Department of Justice 1994). Current practices for conducting self-evaluations often require 52 manual data processing using paper forms and spread sheets to compare existing conditions of 53 sidewalks and pedestrian facilities to accessibility requirements in order to assess their 54 compliance (Axelson et al. 1999 ). These manual practices for conducting self-evaluations are 55 labour intensive, time consuming, and error prone, which limits the ability of public agencies to 56 efficiently and comprehensively perform and update these required self-evaluations. To 57 overcome this limitation, there is a pressing need to develop a novel methodology that is capable 58 of evaluating the degree of non-compliance of pedestrian facilities with accessibility 59
requirements. 60
A number of related research studies were conducted to support state and local 61 governments in (1) identifying the required degree of accessibility for sidewalks and pedestrian 62 facilities, and (2) evaluating the compliance of these facilities with accessibility requirements. 63
The first group of studies that focused on identifying accessibility requirements utilized field 64 experiments and surveys to study the impact of varying dimensions of pedestrian facilities on the 65 mobility, safety, and comfort of people with disabilities. For example, Kockelman et al. (2002) 66 conducted a field study to identify critical sidewalk cross slopes that place pedestrians into 67 unacceptable levels of effort or discomfort and reported that the maximum sidewalk cross slope 68 that provides accessibility can range from 5.5% to 6.0%. In this study, people using cane, crutch, 69 or brace and manual wheelchair users who were up to 80 years old were required to traverse 70 13.75 meters (45 feet) long sidewalk sections with 5% running slope and varying cross slopes 71 D r a f t 4 while monitoring their heart rates and level of discomfort. In another field study that was 72 conducted to evaluate the degree to which users of wheelchairs perceive differences in the 73 running and cross slope of ramps, Vredenburgh et al. (2009) reported that a ramp should not 74 exceed a maximum cross slope of 5% or a maximum running slope of 7%. 75
The second group of studies developed varying procedures to assess the compliance of 76 existing conditions of pedestrian facilities with accessibility requirements. These assessment 77 procedures included: (a) Sidewalk Assessment Process (SWAP) that was developed in a Federal 78
Highway Administration (FHWA) study that was conducted to evaluate the accessibility of 79 sidewalks, curb ramps, medians, refuge islands, and driveway crossings (Axelson et al. 1999 ; 80 Despite the significant contributions of the aforementioned studies, they are incapable of: 88
(1) quantifying the degree of non-compliance of transit shelters, on-street parking, and passenger 89 loading zones with accessibility requirements; (2) estimating the cost and labour-hours needed to 90 upgrade non-compliant pedestrian facilities in order to achieve compliance; (3) generating a non-91 compliance index for each type of pedestrian facilities such as sidewalks and curb ramps; and (4) 92 identifying a non-compliance index for a specific geographical location that represents the 93 overall compliance of all pedestrian facilities in that location. To overcome these limitations, this 94 D r a f t paper presents the development of a novel model for assessing the degree of non-compliance of 95 pedestrian facilities with accessibility requirements. 96
OBJECTIVE 97
The research objective of this study is to develop a novel model for assessing the degree 98 of non-compliance of pedestrian facilities with accessibility requirements to enable public 99 agencies to maximize their compliance with the ADA self-evaluation requirement. The model is 100 designed to support decision makers in state and local governments in identifying non-compliant 101 sidewalks and pedestrian facilities in their public right-of-way and evaluating the degree of non-102 compliance of each of these facilities with accessibility requirements. The model provides the 103 capabilities of (1) efficiently quantifying the degree of non-compliance of all types of pedestrian 104 facilities in the public right-of-way with accessibility requirements including transit shelters, on-105 street parking spaces, and passenger loading zones; (2) estimating the cost and labour-hours 106 needed to upgrade non-compliant pedestrian facilities; (3) generating a pedestrian type non-107 compliance index for each type of pedestrian facility to enable decision makers to rank these 108 facility types based on their degree of non-compliance with accessibility requirements; and (4) 109 identifying a region non-compliance index for a specific geographical region that represents the 110 overall degree of non-compliance of all pedestrian facilities in that region to enable decision 111 makers to prioritize future upgrade projects by comparing the degree of non-compliance of these 112 regions. These original and unique capabilities of the developed model are designed to support 113 decision makers in improving their efficiency and effectiveness in conducting the 114 aforementioned federally-mandated self-evaluations and in prioritizing their planned upgrade 115 projects to maximize compliance with accessibility requirements. 116
The model is developed in five main phases: (i) accessibility requirements analysis phase 117 that identifies pedestrian facility types and their related accessibility requirements; (ii) non-118 compliance assessment phase that develops a Non-Compliance Index (NCI) to quantify the 119 degree of non-compliance of each type of pedestrian facility in the public right-of-way with 120 accessibility requirements; (iii) cost and labour-hours estimation phase that calculates the cost 121 and labour-hours needed to upgrade non-compliant pedestrian facilities; (iv) collective non-122 compliance phase that aggregates the individual non-compliance indices of a group of 123 pedestrian facilities based on their type and/or geographical location to enable their ranking and 124 prioritization for upgrades; and (v) performance evaluation phase that analyses a case study to 125 illustrate the use of the developed model and demonstrate its novel capabilities. The following 126 sections provide a concise description of these five model development phases, as shown in 127 Figure 1 . 128
ACCESSIBILITY REQUIREMENTS ANALYSIS 129
The purpose of this phase is to analyse all accessibility requirements and identify all 130 relevant metrics that represent the degree of non-compliance of pedestrian facilities with 131 accessibility requirements. The degree of non-compliance of a specific pedestrian facility can be 132 requirements for sidewalks and shared use paths with the exception of few minor differences 142 such as the path width requirement which is specified to a minimum of 1.2 meters in PROWAG, 143
1.5 meters in SUPAG, and 2.4 meters in GDBF for shred use paths. While the main focus of this 144 paper is pedestrian facilities as listed in PROWAG, the developed model enables decision 145 makers to specify which standards they need to comply with. For example, decision makers can 146 elect to comply with PROWAG only, SUPAG only, GDBF only, or the strictest of any 147 combination of the three. 148
When a pedestrian facility (e.g. a curb ramp or sidewalk) does not meet the minimum 149 accessibility requirements specified by state and federal laws and regulations, the pedestrian 150 facility is considered non-compliant with these laws and regulations (U.S. Access Board 2011a). 151
This binary classification of pedestrian facilities as either compliant or non-compliant was 152 reported to be ineffective for assessing the degree of non-compliance of sidewalks and pedestrian 153 facilities (CCRPC 2016; City of Clayton 2014). The cause of non-compliance for these non-154 compliant facilities can be due to major or minor deviations from the minimum accessibility 155 requirements. While major deviations from accessibility requirements often render facilities to be 156 fully inaccessible for people with disabilities, minor deviations often enable facilities to be 157 partially accessible. For example, a 0.6 meter wide and a 1.05 meter wide sidewalks are both 158 classified as non-compliant because their width is less than the required 1.2 meter minimum 159 width. In this example however, the 0.6 meter wide sidewalk is fully inaccessible while the 1.05 160 meter wide sidewalk can provide partial accessibility for pedestrians travelling in one direction 161
To overcome the limitation of the aforementioned binary classification of compliant or 163 non-compliant, the present model is designed to distinguish between varying degrees of non-164 compliance by developing a novel non-compliance index (NCI). NCI represents the degree of 165 non-compliance for pedestrian facilities using a scale that ranges from 0.0% for fully compliant 166 facilities to 100.0% for fully non-compliant. NCI of a given pedestrian facility is calculated in 167 the present model by identifying the degree of deviation between its existing conditions, 168 measurements, and geometry and its specified accessibility requirements. The model is designed 169 to calculate NCI for all pedestrian facility types including (1) sidewalks, (2) curb ramps, (3) 170 crosswalks, (4) pedestrian signals, (5) refuge islands, (6) transit stops, (7) on-street parking 171 spaces, and (8) passenger loading zones (U.S. Access Board 2011a). Each of these pedestrian 172 facility types has accessibility requirements that must be satisfied in order to achieve compliance 173 with accessibility laws and regulations, as shown in Figure 2 . 174
NON-COMPLIANCE ASSESSMENT 175
The purpose of this phase is to develop a novel non-compliance index ‫ܫܥܰ‬ that 176 represents the degree of non-compliance of each pedestrian facility type ‫‬ with accessibility 177 requirements, as shown in equation (1). 178
Where, ‫ܫܥܰ‬ is non-compliance index for pedestrian facility of type ‫‬ that is located in 179 geographical location ݅, ‫‬ is pedestrian facility type (see Figure 2) , ݅ is geographical location of 180 pedestrian facility, ‫ݎ‬ is accessibility requirement for each pedestrian facility type ‫‬ (see Figure  181 2), ܴ is total number of accessibility requirements for pedestrian facility type ‫‬ (see Figure 2) , 182
is relative importance weight of accessibility requirement ‫ݎ‬ for pedestrian facility type ‫,‬ 183 and ܵ , is non-compliance score of pedestrian facility type ‫‬ with accessibility requirement ‫ݎ‬ in 184 geographical location ݅. 185
The non-compliance index ‫ܫܥܰ‬ for each pedestrian facility type ‫‬ represents the 186 weighted average of non-compliance scores including all its accessibility requirements. For 187 example, the non-compliance index for a sidewalk in location ݅ ‫ܫܥܰ(‬ non-compliance score ܵ , ଵ . These weights ܹ can be specified by decision makers to reflect the 193 relative importance of each accessibility requirement ‫ݎ‬ (see example in Table 1 ), and the non-194 compliance score ܵ , ଵ can be determined based on the existing condition of the sidewalk and the 195 specified ranges shown in Table 1 . It should be noted that the weights ܹ and non-compliance 196 scores ܵ , ଵ in Table 1 Table 2 presents four examples of these accessibility 213 requirements for three pedestrian facility types along with their verification procedure and 214 technique. In Table 2 , the sidewalk width requirement example can only be verified by 215 conducting "continuous measurements" of the sidewalk width along its entire length (U.S. 216
Department of Justice 1994), while the sidewalk surface discontinuities requirement example can 217 only be verified by taking multiple "discrete measurements" wherever these discontinuities are 218 encountered along the length of the sidewalk (U.S. Access Board 2011a). Similarly, the height of 219 pedestrian push-buttons requirement example can only be verified by taking a "single 220 measurement" of the button height at each pedestrian signal, while the detectable warning 221 surfaces (DWS) requirement example can only be verified by confirming the "presence" of DWS 222 at curb ramps or other locations. These four categories of verification techniques are used to (a) 223 classify the aforementioned accessibility requirements of all pedestrian facilities into four 224 categories as shown in Figure 2 ; and (b) calculate the non-compliance score ܵ , for each of these 225 accessibility requirement categories as described in the following sections. 226 D r a f t
Continuous verification 227
This compliance verification category requires collecting continuous measurements along 228 the entire length of the pedestrian facility to calculate its non-compliance score ܵ ,
. As shown in 229
is calculated in this category by dividing the pedestrian facility into several 230 segments, determining non-compliance score ܵ ,, for each segment ܽ, and calculating the 231 average of these scores to find ܵ , for the entire pedestrian facility. For example, the non-232 compliance score ܵ ,ଵ ଵ for the sidewalk width located in geographical location ݅ is calculated by 233 variations in its width. The sidewalk in this example needs to be divided to include an additional 241 segment whenever there is a change in its width, as shown in Figure 3 . 242
Where, ܵ , is non-compliance score for the requirement ‫ݎ‬ of pedestrian facility located in 243 geographical location ݅, ܽ is segment of pedestrian facility, ‫ܣ‬ is total number of segments in 244 pedestrian facility of type ‫‬ located in geographical location ݅, ‫ܮ‬ is length of segment ܽ of the 245 D r a f t pedestrian facility, ‫ܮܤ‬ is total length of pedestrian facility, and ܵ ,, is non-compliance score of 246 segment ܽ of the pedestrian facility. 247
Discrete verification 248
This compliance verification category requires conducting discrete measurements along 249 the entire length of a pedestrian facility to calculate its non-compliance score ܵ ,
. As shown in 250
is calculated in this category by identifying points ܾ ∈ (1, 2, 3, … , ‫ܤ‬ ) where a 251 change in specific pedestrian facility dimensions occur, assigning a non-compliance score to 252 each of these points based on its dimensions, and calculating the average of these scores to find 253
for the entire pedestrian facility. For example, sidewalk surface discontinuity non-254 compliance score ܵ ,ସ ଵ for a sidewalk in location ݅ is calculated by (i) identifying surface 255 discontinuities ܾ ∈ (1, 2, 3, … , ‫ܤ‬ Table 1 ); and (iii) calculating an average sidewalk surface 258 discontinuity non-compliance score ܵ ,ସ ଵ for the entire sidewalk. 259
Where, ܵ , is non-compliance index for requirement ‫ݎ‬ of pedestrian facility located in 260 geographical location ݅, ܾ is a point where a change in the pedestrian facility dimension is 261 recorded, ‫ܤ‬ is total number of points ܾ where a change in the pedestrian facility dimension is 262
is non-accessibility score of requirement ‫ݎ‬ of point ܾ in pedestrian facility, ܰ , is 263 D r a f t number of points ܾ per meter in pedestrian facility, and ܰ ,௫
is the maximum number of points 264 ܾ per meter for all pedestrian facilities of type ‫‬ in the city. 265 Table 3 . 272
Single verification 266
Other examples of accessibility requirements in this category include curb ramp width, curb 273 ramp running slope, clear space length, and clear space width, as shown in Figure 2 . 274
Presence verification 275
This compliance verification category requires verifying if the required feature is present, 276 non-standard, or missing to identify its non-compliance score ܵ , by evaluating the compliance 277 of its existing condition with accessibility requirement ‫,ݎ‬ as shown in the curb ramp detectable 278 warning surface example in Table 4 . 279
UPGRADE COST AND LABOR-HOURS ESTIMATION 280
The purpose of this phase is to estimate cost and labour-hours needed to ensure the 281 compliance of non-compliant pedestrian facilities with accessibility requirements. The upgrade 282 work includes installing, changing, or completely rebuilding elements of pedestrian facilities. 283
The scope of the upgrade can be determined based on the accessibility requirements that are not 284 met in the existing conditions of pedestrian facilities. For example, a curb ramp that is missing 285 D r a f t
DWS can become compliant if a DWS panel is installed without the need to change or rebuild 286
the entire curb ramp. On the other hand, a curb ramp with a non-compliant width, length, or 287 slope will have to be completely demolished and rebuilt in order to achieve compliance. 288 Accordingly, the upgrade of pedestrian facilities in the present model is classified as (a) complete 289 upgrade that requires the complete demolition and reconstruction of pedestrian facilities, or (b) 290 partial upgrade that requires partial installation, alteration, or removal of specific non-compliant 291 elements of pedestrian facilities, as shown in Figure 2 . These two categories were used to 292 calculate the estimated upgrade cost ‫ܥܷ‬ and labour-hours ‫ܪܮܷ‬ required to achieve 293 compliance with accessibility requirements, as described in the following sections. 294
Complete upgrade 295
This upgrade category requires the complete demolition and reconstruction of pedestrian 296 facilities in order to achieve compliance with a specific set of accessibility requirements (see 297 Figure 2 ). Upgrade cost and labour-hours for pedestrian facilities that do not meet accessibility 298 requirements in this category can be calculated using equations (4) and (5). 299
Where, ‫ܥܷ‬ is total upgrade cost for pedestrian facility of type ‫‬ that is located in 300 geographical location ݅ (see Figure 2) , ܸ is a binary variable that equals "0" if the pedestrian 301 facility is compliant with all accessibility requirements ‫ݎ‬ in this category ൫ܵ , = 0൯ and equals 302 "1" otherwise, and ‫ܥܷܶ‬ , is user-specified total upgrade cost of pedestrian facility type ‫‬ in 303
Where, ‫ܪܮ‬ is total labor-hours for upgrading pedestrian facility of type ‫‬ that is located 305 in geographical location ݅, ܸ is a binary variable that equals "0" if the pedestrian facility is 306 compliant with all accessibility requirements ‫ݎ‬ in this category ൫ܵ , = 0൯ and equals "1" 307 otherwise, and ‫ܪܮܶ‬ , is user-specified total labour-hours for upgrading pedestrian facility type ‫‬ 308 in geographical location ݅. 309
In the present model, if the aforementioned complete upgrade is required there will be no 310 need to estimate or execute partial upgrades. Otherwise, the model will estimate the partial 311 upgrade cost and labour hours for non-compliant facilities, as described in the following section. 312
Partial upgrade 313
This upgrade category requires partial installation, alteration, or removal of non-314 compliant elements of pedestrian facilities in order to achieve compliance with a set of 315 accessibility requirements without rebuilding the entire pedestrian facility. Upgrade cost and 316 labour-hours for pedestrian facilities that do not meet accessibility requirements in this category 317 can be calculated using equations (6) and (7). 318
Where, ‫ܥܷ‬ is total upgrade cost for pedestrian facility of type ‫‬ that is located in 319 geographical location ݅, ‫ݎ‬ is accessibility requirement for each pedestrian facility type ‫‬ (see 320 Figure 2 ), ܴ is total number of accessibility requirements in this category for pedestrian facility 321 type ‫‬ (see Figure 2) , ܸ , is a binary variable that equals "0" if the pedestrian facility is 322 D r a f t compliant with accessibility requirement ‫ݎ‬ ൫ܵ , = 0൯ and equals "1" otherwise, and ‫ܥܷܲ‬ , is 323 user-specified partial upgrade cost of pedestrian facility type ‫‬ with respect to accessibility 324 requirement ‫ݎ‬ in geographical location ݅. 325
Where, ‫ܪܮ‬ is total labour-hours required for upgrading pedestrian facility of type ‫‬ that 326 is located in geographical location ݅, ‫ݎ‬ is accessibility requirement for each pedestrian facility 327 type ‫‬ (see Figure 2) , ܴ is total number of accessibility requirements in this category for 328 pedestrian facility type ‫‬ (see Figure 2) , ܸ , is a binary variable that equals "0" if the pedestrian 329 facility is compliant with accessibility requirement ‫ݎ‬ ൫ܵ , = 0൯ and equals "1" otherwise, and 330 ‫ܪܮܲ‬ , is user-specified partial labour-hours required for upgrading pedestrian facility type ‫‬ 331 with respect to accessibility requirement ‫ݎ‬ in geographical location ݅. 332
COLLECTIVE NON-COMPLIANCE 333
The purpose of this phase is to aggregate the previously calculated individual non- 
PERFORMANCE EVALUATION PHASE 358
The purpose of this phase is to analyse a case study to illustrate the use of the model and 359 demonstrate its novel and unique capabilities. The case study requires assessing the degree of 360 non-compliance of 1327 pedestrian facilities in a small town that includes all pedestrian facility 361 types, as shown in Table 5 . Decision makers need to assess the degree of non-compliance of 362 these pedestrian facilities in order to comply with the federal mandate to conduct self-evaluations 363 and prioritize these facilities for future upgrade projects. 364 for each of the 1327 pedestrian facilities in this case study; (2) the 377 collective non-compliance index ‫ܫܥܰ‬ for each pedestrian facility type ‫;‬ (3) the collective non-378 compliance index ‫ܫܥܰ‬ for each user-specified region ݃ in the case study using the 379 aforementioned calculation procedure. 380
The generated results for this case study illustrate the novel and unique capabilities of 381 model that can be used by decision makers to (a) efficiently quantify the degree of non-382 compliance of all types of pedestrian facilities including transit shelters, on-street parking spaces, 383 and passenger loading zones; (b) calculate estimated total cost and labour-hours needed to 384 upgrade each pedestrian facility to achieve compliance; (c) assess the degree of non-compliance 385 of each pedestrian facility type to identify facility types that are in urgent need for upgrades; (d) 386 prioritize pedestrian facilities upgrade projects in multiple regions based on their region non-387 compliance index; and (e) classify pedestrian facilities based on the type of required upgrade to 388 achieve compliance with accessibility requirements. 389
The capability of the present model to efficiently quantify the degree of non-compliance 390 of pedestrian facilities can be illustrated by its ability to (a) analyse all types of pedestrian 391 facilities including transit shelters, on-street parking spaces, and passenger loading zones using 392 the aforementioned novel assessment methodology (see Figure 2) The model also provides the capability of assessing the collective degree of non-401 compliance for each pedestrian facility type to enable decision makers to prioritize the upgrade 402 of these different types of facilities. For example, the case study results illustrate that on-street 403 parking spaces suffer from the highest level of non-compliance and therefore they have the 404 greatest need for upgrades as shown in Figure 5 . In addition, the model calculates the ranges of 405 non-compliance for each pedestrian facility type to highlight the deviation of individual facilities 406 form the collective index. For example, the results indicate that pedestrian signals exhibit 407 varying degrees of non-compliance ranging from 0.0% to 82.5%; while sidewalks exhibit a 408 narrower range of 0.0% to 33.8% (see Figure 5 ). 409
The model can also be used to prioritize pedestrian facilities upgrade projects in multiple 410 geographical regions based on their non-compliance index. This enables decision makers to rank 411 upgrade projects based on the overall non-compliance in each region. For example, the second 412 region in this case study has the highest collective non-compliance index of 39.1% and therefore 413 it has the greatest need for upgrade, as shown in Figure 6 . This region contains 59 pedestrian 414 facilities including 37 sidewalks, 15 curb ramps, 2 crosswalk, 1 pedestrian signal, 1 refuge 415 island, 1 transit stop, 1 on street parking, and 1 passenger loading zone. calculating the estimated upgrade cost and labour-hours required to achieve compliance, (c) 446 assessing the degree of non-compliance of each pedestrian facility type to identify facility types 447 that are in urgent need for upgrades; (d) prioritizing pedestrian facilities upgrade projects in 448 multiple regions based on their non-compliance index; and (e) classifying pedestrian facilities 449 based on the type of required upgrade to achieve compliance with accessibility requirements. 450
The model was able to assess the degree of non-compliance with accessibility requirements for 451 1327 pedestrian facilities that cover all pedestrian facility types and calculate pedestrian facility 
